and reinforcing agents with good processability, fine dispersion, and high reinforcing effect to improve the mechanical properties of silicone rubber. The 'in situ reaction' technique is an effective method to obtain fine dispersion of fillers in a polymer matrix. Generally, two 'in situ reaction' methods can be used for the preparation of rubber composites: the 'sol-gel' method and the 'in situ polymerization' method. An example of the 'sol-gel' method is the 'sol-gel' hydrolysis of alkoxysilanes (organosilicates) to form silica in situ within a polymer matrix [13] [14] [15] [16] [17] . Ning et al. [15] carried out many studies on reinforcing polydimethylsiloxane by the in situ precipitation of silica, and found that the generated particles were dispersed at the nano-level and considerable reinforcement of the elastomer could be achieved. Other particles generated in situ, for example, titania, have been also reported to have a good reinforcement on elastomers [16, 17] . However, the cost of this method is higher than that of conventional 'ex situ' methods [8] . In the 'in situ polymerization' method, reactive monomers are polymerized to generate reinforcing particles. Among the reactive monomers, metal salts of unsaturated carboxylic acids are the typical monomers widely used to improve the properties of elastomers [18] [19] [20] [21] [22] [23] [24] [26] [27] [28] [29] [30] [31] [32] . Wen et al. [21] synthesized particles of acrylato(1,10-phenanthroline)bis (2-thenoytrifluoroacetonato) samarium [Sm(TTA)2-(AA)(Phen)], which combined the good fluorescence property of Sm(TTA)3(Phen) and the reactivity of acrylic acid with radicals, and used the particles to prepared HNBR/Sm(TTA)2-(AA)(Phen) composites. It was suggested that a fine dispersion of the particles in HNBR was obtained due to the in situ reaction. Lu et al. [22, 23] added zinc dimethacrylate (ZDMA) into different kinds of elastomers and found that uniform nanophases were formed by the in situ polymerization of ZDMA and the mechanical properties of the resulting composites were significantly improved . The 'in situ polymerization' method is relatively simpler and less expensive than the 'solgel' method, and its reinforcing effect is more remarkable. In this study, we attempted to improve the properties of methyl vinyl silicone rubber (VMQ) by the 'in situ reaction' method. We selected ZDMA as the reinforcing agent because ZDMA shows better reinforcement than most of other metal salts of unsaturated carboxylic acids do [26] . VMQ/ZDMA composites with different amounts of peroxide and ZDMA were prepared, and the polymerization conversion of ZDMA, the morphology and the crosslink structure of these VMQ/ZDMA composites were studied. The effect of peroxide content and ZDMA content on the mechanical properties of the VMQ/ ZDMA composites was also investigated.
2. Experimental 2.1. Materials VMQ having 0.15% vinyl substituent and a molecular weight of 550 000 g/mol was obtained from Chenguang Chemical Research Insititute, Sichuan, China. Zinc Dimethacrylate (ZDMA) (grade Saret 634) was purchased from Sartomer Co., USA. The peroxide used was 2,5-bis(tert-butylperoxy)-2,5-dimethyl hexane (DBPMH), which was purchased from Akzo Nobel Cross-Linking Peroxide Co., Ltd., Ningbo, China.
Preparation of VMQ/ZDMA composites
At room temperature, silicone rubber and ZDMA were mixed on a two-roll mill for 15 minutes, followed by the addition of DBPMH. The resulting blends were cured at 160°C in an electrically heated hydraulic press for their respective optimal cure time (t 90 ) obtained from the curing curve. The ZDMA/DBPMH blend was prepared as follows: (1) the ZDMA and DBPMH (ZDMA/DBPMH 6:1, weight ratio) were dispersed in acetone to obtain a turbid liquid (DBPMH can dissolve in acetone but ZDMA can't); (2) after being stirred for 24 hours at room temperature, the prepared turbid liquid was dried at 60°C to remove acetone, and then the ZDMA/DBPMH blend was obtained.
Measurements 2.3.1. Curing characteristics of VMQ blends
Curing characterisitics of VMQ blends were determined with an oscillating disc rheometer (M2000-FA) made by Gotech Testing Machines (Dong Guan) Co. LTD. The curing dynamics of the rubbers were characterized at 160°C with an angular displacement of 0.5°.
Fourier transform infrared spectroscopy
(FTIR) FTIR analysis was performed on an FTIR spectrometer (Tensor 27, Bruker Optik Gmbh Co., Germany). The scan range was 4000 to 600 cm -1 with a resolution of 4 cm -1 .
X-ray diffraction (XRD)
X-ray diffraction (XRD) analysis was carried out on a Rigaku D/Max 2500 X-ray diffractometer (Rigaku Inc., Sendagaya, Japan) with Cu K! radiation (at 40 kV and 100 mA). The scanning was performed in the diffraction angle (2") range from 3 to 40° at a rate of 5°/min.
Scanning electron microscopy (SEM)
Scanning electron microscopy observations were performed on an S4700 field emission scanning electron microscope (Hitachi Co., Japan) at a voltage of 20 kV.
Polarizing optical microscopy (POM)
The VMQ/ZDMA blends before vulcanization were difficult to observe on a scanning electron microscope or transmission electron microscope because they were very viscous fluids. Instead, the VMQ/ ZDMA blends were observed on a polarizing optical microscope (ZEISS Axioskop 40A, Germany). In this technique, the samples were heated to 160°C on a hot-stage, and the morphology change during the peroxide curing was recorded.
Transmission electron microscopy (TEM)
and high resolution transmission electron microscopy (HRTEM) Both transmission electron microscopy (TEM) and high resolution transmission electron microscopy (HRTEM) were performed to observe the morphology of VMQ/ZDMA composites. TEM was carried out on an H-800-1 transmission electron microscope (Hitachi Co., Japan) and HRTEM was carried out on a JEM-3010 transmission electron microscope (Hitachi Co., Japan). The thin sections for TEM and HRTEM experiments were cut by a microtome at -100°C and collected on cooper grids.
Differential scanning calorimetry (DSC)
DSC measurements were carried out on STARE system DSC 1 instrument (Mettler-Toledo International Inc., Switzerland). The sample was heated from 30 to 350°C under nitrogen atmosphere with the heating rate of 10°C/min. For isothermal DSC analysis, the sample were heated to 160°C rapidly and kept at 160°C for 20 minutes.
Mechanical properties
Tensile tests were performed on a CTM 4104 tensile tester (SANS, Shenzhen, China) at a cross-head speed of 500 mm/min and a temperature of 25±2°C according to Chinese Standards GB/T528-1998 and GB/T529-1999.
Measurements of crosslink density
The crosslink density was determined by equilibrium swelling. A certain amount of samples (about 0.15 g) was swollen in toluene in a sealed vessel at 25±0.2°C for 5 days. Then the samples were taken out and immediately weighed on an analytical balance after the surface toluene was blotted off with tissue paper. Subsequently, the samples were dried in a vacuum oven at 80°C for one day to remove all the solvent and weighed again. The crosslink density of the samples (! e ) was calculated by the FloryRehner equation (Equation (1)) [25] : (1) where V 0 is the molar volume of the solvent (106.54 cm /mol for toluene), " is the interaction parameter of VMQ and toluene and is taken as 0.465 here [6] , and v 2 is the volume fraction of the polymer in the vulcanizate swollen to equilibrium. The parameter v 2 was calculated by Equation (2): (2) where m 0 , m 1 and m 2 are the masses of original sample, sample swollen to equilibrium, and dried sample, respectively, # is the mass fraction of VMQ in the original sample, $ 1 and $ 2 are the density of toluene and density of gum VMQ vulcanizate, respectively, and % is the mass loss of gum VMQ vulcanizate during swelling. For the measurements of covalent crosslink density, samples (about 0.5 mm in thickness) were swollen
in a mixture of dilute hydrochloric acid (1 mol/L) and acetone (the volume ratio of dilute hydrochloric acid and acetone is 1:9) for 2 days to destroy the ionic network, and then placed for 3 days in a Soxhlet extractor containing acetone, and vacuum dried. The crosslink density of samples before acidolysis (! e ) and the crosslink density of samples after acidolysis (! e1 ) present the gross crosslink density and the covalent crosslink density, respectively, and the ionic crosslink density (! e2 ) was calculated by subtracting #e1 from ! e . has disappeared, indicating that most of the ZDMA participated in the in situ reaction in the VMQ matrix during the peroxide curing. X-ray diffraction (XRD) analysis was carried out to further verify the in situ reaction of ZDMA during the peroxide curing. Figure 2 shows the XRD patterns of ZDMA, ZDMA after heat treatment at 160°C for 15 min, ZDMA/DBPMH blend, ZDMA/ DBPMH blend after heat treatment at 160°C for 15 min, VMQ/ZDMA blend, and VMQ/ZDMA composite. ZDMA is highly crystalline and shows strong peaks at 2" of 9.8, 11.0, 11.9, 16.7 and 22.1°, as shown in Figure 2 curve a. From the XRD patterns of ZDMA before and after heat treatment, it can be seen that there is almost no difference, meaning that the crystal structure of ZDMA was not destroyed by the heat treatment. The main characteristic peaks of ZDMA can be still observed in the ZDMA/DBPMH blend before heat treatment, as shown in Figure 2 curve c; after heat treatment, however, none of The result reveals that almost all the ZDMA crystals have transformed to amorphous state, which further confirms the reaction of ZDMA. In the pattern for the VMQ/ZDMA blend ( Figure 2 curve$e), the strong characteristic peaks of ZDMA at 2" = 9.8 and 11.0°c an be observed clearly. However, only a very broad diffraction peak of the VMQ matrix at 2" =11.8°c an be detected in the VMQ/ZDMA composite, as shown in Figure 2 curve$f. The result suggests that most of the ZDMA particles have participated in the in situ reaction during the peroxide curing and formed amorphous phases, consisting with the conclusion from the FTIR analysis. On the basis of the above results and the results of previous studies on the in situ reactions of ZDMA [22, 27, 28] , the possible chemical reactions in the VMQ/ZDMA blend during the peroxide curing are represented in Figure 3 . During the peroxide curing, the peroxide is first decomposed to form free radicals, which will react with the ZDMA monomers and silicone rubber chains to form ZDMA radicals and VMQ radicals, respectively. A ZDMA radical initiates its monomer to form a poly-ZDMA radical, which will be terminated with another poly-ZDMA radical to form poly-ZDMA or terminated with a VMQ radical to form grafted poly-ZDMA. Simultaneously, the covalent bonds between the rubber chains are formed by the reaction of VMQ radicals.
Results and discussion

Morphology analysis
The SEM image in Figure 4a shows the morphology of the original ZDMA particles. These particles are in the shape of rod (ratio of length to diameter, L/D -5 and length 5-50 µm). The polarizing optical microscopy (POM) image of the VMQ/ZDMA blend is shown in Figure 4b . The dark phase is the silicone rubber matrix (silicone rubber is amorphous at room temperature), and the bright phase represents the ZDMA crystals. The size and shape of the ZDMA particles in the VMQ matrix don't change much over those of the original ZDMA particles shown in the SEM image (Figure 4a ) because the shear stress generated by the silicone rubber is too low to grind the ZDMA particles. It implies that it is difficult to get a good dispersion of ZDMA in VMQ matrix via simple mechanical blending. After curing, however, the bright phases have darkened or disappeared, as shown in Figure 4c , implying that the crystalline structure of ZDMA was destroyed in the peroxide curing, possibly because of the in situ reaction of ZDMA. In the cured VMQ/ZDMA composites, some amorphous particles at the micro-level can be observed. These particles are probably composed of unreacted ZDMA and poly-ZDMA particles generated by the polymerization of ZDMA. Some previous studies focused on the transformation of metal salts of unsaturated carboxylic acids by contrasting the morphology of the vulcanizates to that of the blends [23, 27] . In the present study, we used POM to observe the transformation of ZDMA crystals in situ during the peroxide curing. The change of the ZDMA crystals, as shown in Figure 5 , was recorded by the polarizing optical microscope for 15 minutes. During the peroxide curing, the size of ZDMA crystals decreases gradually, and almost all the crystals disappear at the end. As illustrated in the XRD analysis, the reaction of ZDMA induced by peroxide radicals can destroy the crystalline structure. Therefore, the disappearance of ZDMA crystals in the VMQ/ZDMA blend during the peroxide curing is probably attributed to the in situ reaction of ZDMA. Besides, the melting of ZDMA crystals and the dissolving of ZDMA into silicone rubber are also possible reasons for the disappearance of ZDMA crystals. To further study the transformation of ZDMA crystals in silicone rubber at high temperature, the thermal behavior of ZDMA was investigated by DSC, as shown in Figure 6 . The DSC heating curve (Figure 6a) shows two endothermic peaks at 186 and 218°C, corresponding to two different ZDMA crystalline structure. At high temperature (about 300°C), a strong exothermic peak can be observed, indicating that some reaction of ZDMA occurs. In the isothermal DSC curve of ZDMA at 160°C (Figure 6b ), neither endothermic nor exothermic peak can be observed, implying that ZDMA is quite stable at 160°C and the disappearance of ZDMA crystals during the peroxide curing should not be attributed to the crystal melting. Figure 7 shows the transformation of ZDMA in the VMQ/ZDMA blend without peroxide when the blend was kept at 160°C for 15 min. At the beginning of heating process, the size of ZDMA decreases gradually, probably due to the dissolving of ZDMA into silicone rubber since the melting of crystals does not occur according to the DSC analysis. However, great quantities of ZDMA crystals can be still observed at the end of heating process. Comparing the POM images of VMQ/ZDMA blend containing peroxide with those of VMQ/ZDMA blend without peroxide, we can conclude that the in situ reaction of ZDMA during the peroxide curing plays an important role on the transformation of ZDMA from crystalline state to amorphous state. Transmission electron microscopy (TEM) and high resolution transmission electron microscopy (HRTEM) were performed to observe the morphology of VMQ/ZDMA composites at the nano-level. Figure 8a shows the TEM morphology of VMQ/ ZDMA composites. In the VMQ/ZDMA composites, micro-level particles can still be observed. However, the crystalline structure of these particles was likely destroyed because the crystals would split from the VMQ matrix to form cavities during the preparation of the samples. In the TEM photograph at high magnification, uniform dark phases at the nano-level can be observed, as shown in Figure 8a 1 . The HRTEM images given in Figure 8b -d clearly show that there are significant amounts of nano-dispersed structures (the darker phase) forming in the composites. These nano-dispersed structures, which are about 5-10 nm in diameter, represent poly-ZDMA aggregates or poly-ZDMA ionic clusters [23, [28] [29] [30] [31] [32] produced by the in situ polymerization of ZDMA during the peroxide curing. The TEM observations indicate that uniform nanolevel dispersion can be obtained via the in situ reaction method even though the original dispersion of ZDMA is poor. The 'dissolving-diffusion' mechanism of nanodispersion generation, which has been accepted by some researchers [28, 31, 32] , was used to illustrate the transformation of ZDMA in VMQ matrix, as shown in Figure 9 . During the peroxide curing, the ZDMA monomers dissolved in the VMQ matrix and on the surface of the micro-level ZDMA crystals homo-polymerize or graft onto the silicone rubber chains with peroxide. The generated poly-ZDMA particles separate from the ZDMA crystals and disperse in the VMQ matrix. As a result, the inner monomers of the ZDMA crystals are exposed for further reaction, and the size of ZDMA particles decreased gradually. On the other hand, because of the formation of grafted poly-ZDMA, the compatibility between the silicone rubber and ZDMA is probably improved to some extent. The improved compatibility is beneficial to further diffusion of ZDMA monomers. With the in situ polymerization, the dissolving-diffusion balance of the ZDMA monomers in the VMQ matrix is broken, leading to a continual diffusion of these monomers from the particles into the matrix to participate in the in situ polymerization. Ultimately, a nano-dispersion is obtained.
Mechanical properties
We studied the effect of ZDMA on the mechanical properties of VMQ because ZDMA has been shown to be an effective reinforcing agent for elastomers Figure 7 . POM images of VMQ/ZDMA blends (100/40) without peroxide during the heat treatment [22] . Since a considerable amount of radicals generated by peroxide was consumed by ZDMA, the amount of peroxide should be an important factor for the mechanical properties of VMQ/ZDMA composites. In this work, the effect of the amount of peroxide on the mechanical properties of VMQ/ ZDMA was investigated first. Table 1 show the mechanical properties of VMQ/ZDMA (100/30) composites. With increasing the amount of DBPMH, the modulus at 100% strain and Shore A hardness increase, but the elongation at break decreases gradually. The tensile strength shows a maximum value of 4.08 MPa when the amount of DBPMH is 5 phr. The amount of ZDMA also affects the tear strength of VMQ/ZDMA composites. With increasing the amount of DBPMH, the tear strength increase at first and then tends to stable when the amount of ZDMA is higher than 3 phr. The content of DBPMH has little influence on the permanent set of VMQ/ ZDMA composites, and the value keeps at a low level for all the samples (below 5%). Additionally, it can be seen that the elongation at break (over 350%) is still high even when the amount of DBPMH is as high as 6 phr. It is a characteristic property of metal salts of unsaturated carboxylic acids that they impart high strength and hardness, while allowing the rubber to retain a high elongation at break [29] . The effect of amount of ZDMA on the mechanical properties of VMQ/ZDMA composites was investigated next. Figure 10 shows the curing characteristics of VMQ/ZDMA blends containing 5 phr DBPMH. The maximum torque (MH) decreases with increasing the amount of ZDMA, but the minimum torque (ML) doesn't change much. Generally, the difference between maximum torque and minimum torque (MH-ML) is related to the crosslink density of the composites; for a given formula, high value corresponds to high crosslink density. The result implies that the incorporation of ZDMA will affect the crosslink structure of silicone rubber. Additionally, the optimum curing time (t 90 ) increases greatly when ZDMA is incorporated into VMQ matrix, probably ascribed to the consumption of peroxide radicals by ZDMA. The mechanical properties of VMQ/ZDMA composites containing 5 phr DBPMH are shown in Table 2 . The tensile strength and elongation at break exhibit maximums when the amount of ZDMA is 40 and 30 phr, respectively. The maximum tensile strength is 4.50 MPa and the maximum elongation at break is 380%. The tear strength also shows a maximum (9.05 kN/m) when the amount of ZDMA is 50 phr. Both the modulus at 100% strain and Shore A hardness increase significantly with increasing the amount of ZDMA. The permanent set of VMQ/ZDMA composites also increases with increasing the amount of ZDMA, but the value keeps at a low level for all the samples (below 5%). Considering the mechanical properties of gum VMQ vulcanizate shown in Table 2 (ZDMA 0 phr), we can conclude that ZDMA has a significant reinforcing effect on VMQ. For example, when 40 phr ZDMA is incorporated into VMQ matrix, both the tensile strength and tear strength increase by more than 10 times. The typical stress-strain curves of VMQ/ ZDMA composites with different amount of ZDMA are presented in Figure 11 . It can be seen that the incorporation of ZDMA can greatly increase the modulus of VMQ vulcanizates, especially at the low elongation. In summary, both the amount of peroxide and the amount of ZDMA play important roles on the mechanical properties of VMQ/ZDMA composites. The best mechanical properties of VMQ/ZDMA composites are obtained when the DBPMH amount However, the reinforcing effect of ZDMA is lower on silicone rubber than on other elastomers such as HNBR, EPDM, and NBR, possibly because of the poor dispersion of ZDMA in the VMQ blend. The TEM and POM images showed that large ZDMA particles cannot diffuse completely into the VMQ matrix to form a uniform nanodispersion, but become amorphous particles at the micro-level instead. These micro-level particles have a negative effect on the mechanical properties.
3.4.
Crosslink structure of VMQ/ZDMA composites The competitive reactions of peroxide-initiated polymerization of ZDMA and cross linking of polymer occur simultaneously during the peroxide curing of the blend. In rubber/ZDMA composites, there are not only covalent crosslinks between the rubber chains but also ionic crosslinks mainly formed by the grafted poly-ZDMA, as shown in Figure 12 . Because the ionic crosslinks have been known [22, 29, 30] to play an important role on the mechanical properties of rubber/ZDMA composites, it is significant and necessary to investigate the crosslink structure of the VMQ/ZDMA composites. Figure 13 shows the FTIR spectra of VMQ/ZDMA composites before and after acidolysis. After acidolysis, the band corresponding to -COO-at 1560 cm -1 has disappeared, and a new stretching vibration band corresponding to -COOH was observed at 1732 cm -1 . These results confirmed that the hydrolysis of poly-ZDMA was quite thorough, and almost all the Zn 2+ had been replaced by H + during hydrolysis. The FTIR spectra also confirmed that parts of the poly-ZDMA were grafted onto silicone rubber chains during the peroxide curing because both the ungrafted poly-ZDMA and residual unreacted ZDMA could be extracted from the samples during the Soxhlet extraction treatment. Figure 14 shows that with increasing the amount of ZDMA, the gross crosslink density and ionic crosslink density of VMQ/ZDMA composites increase gradually, but the covalent crosslink density decreases slightly. Looking at the results of the crosslink density and the mechanical properties of VMQ/ZDMA composites, we can conclude that the ionic crosslink structure has a close relationship with the mechanical properties. The composite with high ionic crosslink density exhibits high hardness and modulus at 100% strain; high ionic crosslink density is also favorable to high tensile strength and elongation at break at the low ZDMA contents. However, the ionic crosslink content is lower in VMQ/ZDMA composites than in other rubber/ ZDMA composites such as HNBR/ZDMA composites and NBR/ZDMA composites. For example, in the VMQ/ZDMA composite containing 40 phr ZDMA, ionic crosslinks account for only 67% of gross crosslinks, but the content of ionic crosslinks is higher than 85% in HNBR/ZDMA composites [31] . The low content of vinyl substituent (0.15%) in silicone rubber is possibly one reason for the low content of ionic crosslinks. As illustrated in Figure 3 , grafted poly-ZDMA is formed by the reaction between poly-ZDMA radicals and VMQ radicals. Because of the low content of VMQ radicals, which are mainly generated from the vinyl substituent, the content of grafted poly-ZDMA is low. As a result, the VMQ/ZDMA composites have relatively low contents of ionic crosslinks. Additionally, the poor dispersion of ZDMA in VMQ blends decreases the contact area of the ZDMA particles and VMQ matrix and would do harm to the grafting reaction, leading to a low content of ionic crosslinks.
Conclusions
During the peroxide curing, ZDMA homo-polymerized to form poly-ZDMA or grafted onto silicone rubber chains to form grafted poly-ZDMA, and the conversion of ZDMA was almost complete as shown by the FTIR and XRD analyses. Because of the in situ reaction of ZDMA, the micro-level ZDMA particles gradually got smaller. In the composites, a uniform nano-dispersed structure (the aggregation of poly-ZDMA and grafted poly-ZDMA) was formed. A 'dissolving-diffusion' model was used in previous studies to illustrate the transformation of ZDMA in the VMQ matrix. This model suggests that a uniform nano-dispersed structure can be obtained via the in situ reaction even though the initial dispersion of ZDMA in the blend is poor. ZDMA has a significant reinforcement for silicone rubber. Both the amount of peroxide and the amount of ZDMA affect the mechanical properties of VMQ/ZDMA composites significantly, and the best mechanical properties of VMQ/ZDMA composites are obtained when the amount of DBPMH and the amount of ZDMA are 5 and 40 phr, respectively. The addition of ZDMA into VMQ introduced a large amount of ionic crosslinks, which plays an important role on the mechanical properties. As the amount of ZDMA increases, the gross crosslink density and ionic crosslink density increase, but the covalent crosslink density decreases slightly. 
